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The present invention relates to single crystal silicon, in ingot or wafer form, which contains an axially symmetric region which is 
free of agglomerated intrinsic point defects, and a process for the preparation thereof. The process comprises controlling growth conditions, 
such as growth velocity, v, instantaneous axial temperature gradient. Go, and the cooling rate, within a range of temperatures at which 
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region has a width, as measured from the circumferential edge of the ingot radially toward the central axis, which is at least about 30 % 
the length of the radius of the ingot. The axially symmetric region additionally has a length, as measured along the central axis, which is 
at least about 20 % tiie length of the constant diameter portion of the ingot. 
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crystal originated Light Point Defects (LPDs) , as well as 
certain classes of bulk defects observed by infrared 
light scattering techniques such as Scanning Infrared 
Microscopy and Laser Scanning Tomography, Also present 
5 in regions of excess vacancies are defects which act as 
the nuclei for ring oxidation induced stacking faults 
(OISF) • It is speculated that this particular defect is 
a high temperature nucleated oxygen agglomerate catalyzed 
by the presence of excess vacancies. 

10 Defects relating to self -interstitials are less well 

studied. They are generally regarded as being low 
densities of interstitial-type dislocation loops or 
networks. Such defects are not responsible for gate 
oxide integrity failures, an important wafer performance 

15 criterion, but they are widely recognized to be the cause 
of other types of device failures usually associated with 
current leakage problems. 

The density of such vacancy and self -interstitial 
agglomerated defects in Czochralski silicon is 

20 conventionally within the range of about l*10^/cm^ to 

about l*10''/cm^. While these values are relatively low, 
agglomerated intrinsic point defects are of rapidly 
increasing importance to device manufacturers and, in 
fact, are now seen as yield- limiting factors in device 

25 fabrication processes. 

To date, there generally exists three main 
approaches to dealing with the problem of agglomerated 
intrinsic point defects. The first approach includes 
methods which focus on crystal pulling techniques in 

30 order to reduce the number density of agglomerated 

intrinsic point defects in the ingot. This approach can 
be further subdivided into those methods having crystal 
pulling conditions which result in the formation of 
vacancy dominated material, and those methods having 

35 crystal pulling conditions which result in the formation 
of self -interstitial dominated material. For exanple, it 
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has been suggested that the number density of 
agglomerated defects can be reduced by (i) controlling 
v/Go to grow a crystal in which crystal lattice vacancies 
are the dominant intrinsic point defect, and (ii) 
5 influencing the nucleation rate of the agglomerated 
defects by altering (generally, by slowing down) the 
cooling rate of the silicon ingot from about llOO^C to 
about 1050 °C during the crystal pulling process. While 
this approach reduces the number density of agglomerated 

10 defects, it does not prevent their formation. As the 

requirements imposed by device manufacturers become more 
and more stringent, the presence of these defects will 
continue to become more of a problem. 

Others have suggested reducing the pull rate, during 

15 the growth of the body of the crystal, to a value less 
than about 0.4 mm/minute. This suggestion, however, is 
also not satisfactory because such a slow pull rate leads 
to reduced throughput for each crystal puller. More 
importantly, such pull rates lead to the formation of 

20 single crystal silicon having a high concentration of 
self -interstitials. This high concentration, in turn, 
leads to the formation of agglomerated self -interstitial 
defects and all the resulting problems associated with 
such defects. 

25 A second approach to dealing with the problem of 

agglomerated intrinsic point defects includes methods 
which focus on the dissolution or annihilation of 
agglomerated intrinsic point defects subsequent to their 
formation. Generally, this is achieved by using high 

30 temperature heat treatments of the silicon in wafer form. 
For example, Fusegawa et al . propose, in European Patent 
Application 503,816 Al, growing the silicon ingot at a 
growth rate in excess of 0.8 mm/minute, and heat treating 
the wafers which are sliced from the ingot at a 

35 temperature in the range of 1150 °C to 1280 °C to 

annihilate the defects which form during the crystal 
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growth process. Such heat treatments have been shown to 
reduce the defect density in a thin region near the wafer 
surface. The specific treatment needed will vary 
depending upon the concentration and location of 
5 agglomerated intrinsic point defects in the wafer - 

Different wafers cut from a crystal which does not have a 
uniform axial concentration of such defects may require 
different post -growth processing conditions. 
Furthermore, such wafer heat treatments are relatively 
10 costly, have the potential for introducing metallic 
impurities into the silicon wafers, and are not 
universally effective for all types of crystal -related 
defects . 

A third approach to dealing with the problem of 

15 agglomerated intrinsic point defects is the epitaxial 

deposition of a thin crystalline layer of silicon on the 
surface of a single crystal silicon wafer. This process 
provides a single crystal silicon wafer having a surface 
which is substantially free of agglomerated intrinsic 

20 point defects. Epitaxial deposition, however, 
substantially increases the cost of the wafer. 

In view of these developments, a need continues to 
exist for a method of single crystal silicon preparation 
which acts to prevent the formation of agglomerated 

25 intrinsic point defects by suppressing the agglomeration 
reactions which produce them. Rather than simply 
limiting the rate at which such defects form, or 
attempting to annihilate some of the defects after they 
have formed, a method which acts to suppress 

3 0 agglomeration reactions would yield a silicon substrate 
that is substantially free of agglomerated intrinsic 
point defects. Such a method would also afford single 
crystal silicon wafers having epi-like yield potential, 
in terms of the number of integrated circuits obtained 

35 per wafer, without having the high costs associated with 
an epitaxial process. 
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SUMMARY OF THE INVENTION 

Among the objects of the present invention, 
therefore, is the provision of single crystal silicon in 
ingot or wafer form having an axially symmetric region of 
5 substantial radial width which is sxibstantially free of 
defects resulting from an agglomeration of crystal 
lattice vacancies or silicon self -interstitials ; and the 
provision of a process for preparing a single crystal 
silicon ingot in which the concentration of vacancies cuid 
10 self -interstitials is controlled in order to prevent an 
agglomeration of intrinsic point defects in an axially 
symmetric segment of a constant diameter portion of the 
ingot, as the ingot cools from the solidification 
temperature. 

15 Briefly, therefore, the present invention is 

directed to a single crystal silicon wafer having a 
central axis, a front side and a back side which are 
generally perpendicular to the axis, a circumferential 
edge, and a radius extending from the central axis to the 

20 circumferential edge. The wafer comprises an axially 
symmetric region which is substantially free of 
agglomerated intrinsic point defects. The axially 
symmetric region extends radially inwardly from the 
circumferential edge of the wafer and has a width, as 

25 measured from the circumferential edge radially toward 
the central axis, which is at least about 40% of the 
length of the radius of the wafer. 

The present invention is further directed to a 
single crystal silicon ingot having a central axis, a 

30 seed-cone, an end-cone, and a constant diameter portion 
between the seed -cone and the end- cone which has a 
circumferential edge and a radius extending from the 
central axis to the circumferential edge. The single 
crystal silicon ingot is characterized in that, after 

35 ingot growth is conplete and the ingot has cooled from 
the solidification temperature, the constant diameter 
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portion contains an axially symmetric region which is 
substantially free of agglomerated intrinsic point 
defects. The axially symmetric region extends radially 
inwardly from the circumferential edge and has a width, 
5 as measured from the circumferential edge radially toward 
the central axis, which is at least about 3 0% of the 
length of the radius of the constant diameter portion. 
The axially symmetric region also has a length, as 
measured along the. central axis, of at least about 2 0% of 

10 the length of the constant diameter portion of the ingot. 

The present invention is still further directed to a 
process for growing a single crystal silicon ingot in 
which an ingot, comprising a central axis, a seed-cone, 
an end- cone and a constant diameter portion between the 

15 seed-cone and the end-cone which has a circumferential 

edge and a radius extending from the central axis to the 
circumferential edge, is grown from a silicon melt and 
then cooled from the solidification temperature in 
accordance with the Czochralski method. The process 

20 comprises controlling a growth velocity, v, and an 

instantaneous axial temperature gradient, Gq, of the 
crystal during growth of the constant diameter portion to 
cause the formation of an axially symmetric region which, 
upon cooling the ingot from the solidification 

25 temperature, is substantially free of agglomerated 

intrinsic point defects. The axially symmetric region 
extends radially inwardly from the circumferential edge, 
has a width as measured from the circumferential edge 
radially toward the central axis which is at least about 

30 30% of the length of the radius of the constant diameter 
portion, and a length as measured along the central axis 
of at least about 20% of the length of the constant 
diameter portion. 

Other objects and features of this invention will be 

35 in part apparent and in part pointed out hereinafter. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a graph which shows an example of how the 
initial concentration of self -interstitials, [I] , and 
vacancies, [V] , changes with an increase in the value of 
5 the ratio v/Gq, where v is the growth rate and Gq is the 
instantaneous axial temperature gradient . 

FIG- 2 is a graph which shows an example of how AGj, 
the change in free energy required for the formation of 
agglomerated interstitial defects, increases as the 

10 temperature, T, decreases, for a given initial 
concentration of self -interstitials, [I] . 

FIG. 3 is a graph which shows an example of how AGj, 
the change in free energy required for the formation of 
agglomerated interstitial defects, decreases (as the 

15 temperature, T, decreases) as a result of the suppression 
of the concentration of self -interstitials, [I] , through 
the means of radial diffusion. The solid line depicts 
the case for no radial diffusion whereas the dotted line 
includes the effect of diffusion. 

20 FIG. 4 is a graph which shows an example of how AGj, 

the change in free energy required for the formation of 
agglomerated interstitial defects, is sufficiently 
decreased (as the temperature, T, decreases) , as a result 
of the suppression of the concentration of self- 

25 interstitials, [I] , through the means of radial 

diffusion, such that an agglomeration reaction is 
prevented. The solid line depicts the case for no radial 
diffusion whereas the dotted line includes the effect of 
diffusion. 

30 FIG. 5 is a graph which shows an example of how the 

initial concentration of self -interstitials, [I] , and 
vacancies, [V]., can change along the radius of an ingot 
or wafer, as the value of the ratio v/Gq decreases, due to 
an increase in the value of Gq. Note that at the V/l 

35 boundary a transition occurs from vacancy dominated 
material to self -interstitial dominated material. 
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FIG. 6 is a top plan view of a single crystal 
silicon ingot or wafer showing regions of vacancy, V, and 
self -interstitial, I, dominated materials respectively, 
as well as the V/I boundary that exists between them. 
5 FIG. 7a is a graph which shows an example of how the 

initial concentration of vacancies or self -interstitials 
changes as a function of radial position due to radial 
diffusion of self -interstitials . Also shown is how such 
diffusion causes the location of the V/I boundary to move 

10 closer to the center of the ingot (as a result of the 
recombination of vacancies and self -interstitials) , as 
well as the concentration of self -interstitials, [I] , to 
be suppressed. 

FIG. 7b is a graph of AGj as a function of radial 

15 position which shows an example of how the suppression of 
self -interstitial concentration, [I] , (as depicted in 
FIG. 7a) is sufficient to maintain AGi everywhere to a 
value which is less than the critical value at which the 
silicon self -interstitial reaction occurs. 

20 FIG- 7c is a graph which shows another example of 

how the initial concentration of vacancies or self- 
interstitials changes as a function of radial position 
due to radial diffusion of self -interstitials . Note 
that, in comparison to FIG. 7a, such diffusion caused the 

25 location of the V/I boundary to be closer to the center 
of the ingot (as a result of the recombination of 
vacancies and self -interstitials) , resulting in an 
increase in the concentration of interstitials in the 
region outside of the V/I boundary. 

30 FIG. 7d is a graph of AGj as a function of radial 

position which shows an example of how the suppression of 
self -interstitial concentration, [I] , (as depicted in 
FIG. 7c) is not sufficient to maintain AGj everywhere to a 
value which is less than the critical value at which the 

35 silicon self -interstitial reaction occurs. 
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PIG. 7e is a graph which shows another example of 
how the initial concentration of vacancies or self- 
interstitials changes as a function of radial position 
due to radial diffusion of self -interstitials . Note 
5 that, in comparison to FIG. 7a, increased diffusion 
resulted in greater suppression the self -interstitial 
concentration . 

FIG, 7f is a graph of AGj as a function of radial 
position which shows an example of how greater 
10 suppression of the self -interstitial concentration, [I] , 
(as depicted in FIG. 7e) results in a greater degree of 
suppression in AGj, as compared to FIG. 7b. 

FIG. 7g is a graph which shows another example of 
how the initial concentration of vacancies or self- 
15 interstitials changes as a function of radial position 
due to radial diffusion of self -interstitials . Note 
that, in comparison to FIG. 7c, increased diffusion 
resulted in greater suppression the self -interstitial 
concentration . 

20 FIG. 7h is a graph of AGj as a function of radial 

position which shows an example of how greater 
suppression of the self -interstitial concentration, [I] , 
(as depicted in FIG. 7g) results in a greater degree of 
suppression in AGj, as compared to FIG. 7d. 

25 FIG. 7i is a graph which shows another example of 

how the initial concentration of vacancies or self- 
interstitials changes as a function of radial position 
due to radial diffusion of self -interstitials . Note that 
in this example a sufficient quantity of self- 

30 interstitials recombine with vacancies, such that there 
is no longer a vacancy-dominated region. 

FIG. 7j is a graph of AGj as a function of radial 
position which shows an example of how radial diffusion 
of self -interstitials (as depicted in FIG. 7i) is 

35 sufficient to maintain a suppression of agglomerated 

interstitial defects everywhere along the crystal radius. 
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FIG. 8 is a longitudinal, cross -sectional view of a 
single crystal silicon ingot showing, in detail, an 
axial ly symmetric region of a constant diameter portion 
of the ingot . 

5 FIG, 9 is a longitudinal, cross-sectional view of a 

segment of a constant diameter portion of a single 
crystal silicon ingot, showing in detail axial variations 
in the width of an axially symmetric region. 

FIG. 10 is a longitudinal, cross-sectional view of a 

10 segment of a constant diameter portion of a single 

crystal silicon ingot having axially symmetric region of 
a width which is less than the radius of the ingot, 
showing in detail that this region further contains a 
generally cylindrical region of vacancy dominated 

15 material. 

FIG. 11 is a latitudinal, cross -sectional view of 
the axially symmetric region depicted in FIG. 10. 

FIG. 12 is a longitudinal, cross-sectional view of a 
segment of a constant diameter portion of a single 

20 crystal silicon ingot having an axially symmetric region 
of a width which is equal to the radius of the ingot, 
showing in detail that this region is a generally 
cylindrical region of self -interstitial dominated 
material which is substantially free of agglomerated 

25 intrinsic point defects. 

FIG. 13 is an image produced by a scan of the 
minority carrier lifetime of an axial cut of the ingot 
following a series of oxygen precipitation heat 
treatments, showing in detail a generally cylindrical 

30 region of vacancy dominated material, a generally annular 
shaped axially symmetric region of self -interstitial 
dominated material, the V/I botindary present between 
them, and a region of agglomerated interstitial defects. 
FIG. 14 is a graph of pull rate (i.e. seed lift) as 

35 a function of crystal length, showing how the pull rate 
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is decreased linearly over a portion of the length of the 
crystal . 

FIG. 15 is an image produced by a scan of the 
minority carrier lifetime of an axial cut of the ingot 
5 following a series of oxygen precipitation heat 
treatments, as described in Example 1. 

FIG. 16 is a graph of pull rate as a function of 
crystal length for each of four single crystal silicon 
ingots, labeled 1-4 respectively, which are used to yield 
10 a curve, labeled v*(Z), as described in Example 1. 

FIG. 17 is a graph of the axial temperature gradient 
at the crystal/melt interface, Gq, as a function of radial 
position, for two different cases as described in Example 
2 . 

15 FIG. 18 is a graph of the initial concentration of 

vacancies, [V], or self -interstitials, [I], as a function 
of radial position, for two different cases as described 
Example 2 . 

FIG. 19 is a graph of temperature as a function of 
20 axial position, showing the axial temperature profile in 
ingots for two different cases as described in Example 3 . 

FIG. 20 is a graph of the self -interstitial 
concentrations resulting from the two cooling conditions 
illustrated in Fig. 19 and as more fully described in 
25 Example 3. 

FIG. 21 is an image produced by a scan of the 
minority carrier lifetime of an axial cut of an entire 
ingot following a series of oxygen precipitation heat 
treatments, as described in Example 4. 

30 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

As used herein, the following phrases or terms shall 
have the given meanings: "agglomerated intrinsic point 
defects" mean defects caused (i) by the reaction in which 
vacancies agglomerate to produce D-defects, flow pattern 

35 defects, gate oxide integrity defects, crystal originated 
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particle defects, crystal originated light point defects, 
and other such vacancy related defects, or (ii) by the 
reaction in which self -interstitials agglomerate to 
produce dislocation loops and networks, and other such 
5 self -interstitial related defects; "agglomerated 

interstitial defects" shall mean agglomerated intrinsic 
point defects caused by the reaction in which silicon 
self -interstitial atoms agglomerate; "agglomerated 
vacancy defects" shall mean agglomerated vacancy point 

10 defects caused by the reaction in which crystal lattice 
vacancies agglomerate; "radius" means the distance 
measured from a central axis to a circumferential edge of 
a wafer or ingot; "substantially free of agglomerated 
intrinsic point defects" shall mean a concentration of 

15 agglomerated defects which is less than the detection 
limit of these defects, which is currently about 10^ 
defects/cm^; "V/I boundary" means the position along the 
radius of an ingot or wafer at which the material changes 
from vacancy dominated to self -interstitial dominated; 

20 and "vacancy dominated" and "self -interstitial dominated" 
mean material in which the intrinsic point defects are 
predominantly vacancies or self -interstitials, 
respectively. 

In accordance with the present invention, it has 

25 been discovered that the reaction in which silicon self- 
interstitial atoms react to produce agglomerated 
interstitial defects can be suppressed during the growth 
of single crystal silicon ingots. Without being bound to 
any particular theory, it is believed that the 

30 concentration of self -interstitials is controlled during 
the growth and cooling of the crystal ingot in the 
process of the present invention, such that the change in 
free energy of the system never exceeds a critical value 
at which the agglomeration reaction spontaneously occurs 

35 to produce agglomerated interstitial defects. 
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In general, the change in system free energy 
available to drive the reaction in which agglomerated 
interstitial defects are formed from silicon self- 
interstitials in single crystal silicon is governed by 
5 Ecpiation (I) : 

AGj = kT ln( [iL \ 

\ [I]^^/ (I) 

wherein 

10 AGj is the change in free energy, 

k is the Boltzmann constant, 
T is the temperature in K, 
^ [I] is the concentration of self -interstitials 

at a point in space and time in the single crystal 
15 silicon, and 

[I]®*' is the equilibrium concentration of self- 
interstitials at the same point in space and time at 
which [I] occurs and at the temperature, T. 



According to this equation, for a given concentration of 
20 self -interstitials, [I] , a decrease in the temperature, 

T, generally results in an increase in AGi due to a sharp 
decrease in [1]^"^ with ten^erature. 

Fig. 2 schematically illustrates the change in AGi 
and the concentration of silicon self -interstitials for 
25 an ingot which is cooled from the temperature of 

solidification without simultaneously employing some 
means for suppression of the concentration of silicon 
self -interstitials . As the ingot cools, AGj increases 
according to Equation (I), due to the increasing 
30 super saturation of [I] , and the energy barrier for the 
formation of agglomerated interstitial defects is 
approached. As cooling continues, this energy barrier is 
eventually exceeded, at which point a reaction occurs. 
This reaction results in the formation of agglomerated 
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interstitial defects and the concomitant decrease in AGi 
as the supersaturated system is relaxed. 

The agglomeration of self -interstitials can be 
avoided as the ingot cools from the temperature of 
5 solidification by maintaining the free energy of the 

silicon self -interstitial system at a value which is less 
than that at which an agglomeration reaction will occur. 
In other words, the system can be controlled so as to 
never become critically supersaturated. This can be 

10 achieved by establishing an initial concentration of 

self -interstitials which is sufficiently low such that 
critical super saturation is never achieved. However, in 
practice such concentrations are difficult to achieve 
across an entire crystal radius and, in general, 

15 therefore, critical super saturation may be avoided by 
suppressing the initial silicon self -interstitial 
concentration subsequent to crystal solidification. 

Figs. 3 and 4 schematically illustrate two possible 
effects of suppressing [I] upon the increase in AGj as the 

20 ingot of Fig. 2 is cooled from the temperature of 
solidification. In Fig. 3, the suppression of [I] 
results in a decrease in the rate of increase of AG^, but 
in this case, the suppression is insufficient to maintain 
AGj everywhere at a value which is less than the critical 

25 value at which the reaction occurs; as a result, the 

suppression merely serves to reduce the tenperature at 
which the reaction occurs. In Fig. 4, an increased 
suppression of [I] is sufficient to maintain AG^ 
everywhere to a value which is less than the critical 

30 value at which the reaction occurs; the suppression, 
therefore, inhibits the formation of defects. 

Surprisingly, it has been found that due to the 
relatively large mobility of self -interstitials, it is 
possible to effect the suppression over relatively large 

35 distances by the radial diffusion of self -interstitials 
to sinks located at the crystal surface or to vacancy 
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dominated regions. Radial diffusion can be effectively 
used to suppress the concentration of self -interstitials, 
provided sufficient time is allowed for the radial 
diffusion of the initial concentration of self- 
5 interstitials. In general, the diffusion time will 
depend upon the radial variation in the initial 
concentration of self -interstitials, with lesser radial 
variations requiring shorter diffusion times. 

Typically, the axial temperature gradient, Gq, 

10 increases as a function of increasing radius for single 
crystal silicon which is grown according to the 
Czochralski method. This means that the value of v/Gq is 
typically not singular across the radius of an ingot. As 
a result of this variation, the type and initial 

15 concentration of intrinsic point defects is not constant. 

If the critical value of v/Gq, denoted in Figs. 5 and 6 as 
the V/I boundary 2, is reached at some point along the 
radius 4, the material will switch from being vacancy 
dominated to self -interstitial dominated. In addition, 

20 the ingot will contain an axially symmetric region of 
self -interstitial dominated material 6 (in which the 
initial concentration of silicon self -interstitial atoms 
increases as a function of increasing radius) , 
surrounding a generally cylindrical region of vacancy 

25 dominated material 8 (in which the initial concentration 
of vacancies decreases as a function of increasing 
radius) . 

Figs. 7a and 7b schematically illustrate the effect 
of suppressing [I] upon the increase in AGj as an ingot is 

30 cooled from the temperature of solidification in 

accordance with one embodiment of the present invention. 
When the ingot is pulled in accordance with the 
Czochralski method, the ingot contains an axially 
symmetric region of interstitial dominated material 

35 extending from the edge of the ingot to the position 

along the radius at which the V/I boundary occurs and a 
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generally cylindrical region of vacancy dominated 
material extending from the center of the ingot to the 
position along the radius at which the V/I boundary 
occurs. As the ingot is cooled from the temperature of 
5 solidification, radial diffusion of interstitial atoms 

causes a radially inward shift in the V/I boundary due to 
a recombination of self -interstitials with vacancies and 
a significant suppression of the self -interstitial 
concentration outside the V/I boundary. Furthermore, the 
10 suppression of [I] is sufficient to maintain AG^ 

everywhere to a value which is less than the critical 
value at which the silicon self -interstitial reaction 
occurs . 

Referring now to Figs. 8 and 9, in the process of 

15 the present invention a single crystal silicon ingot 10 
is grown in accordance with the Czochralski method. The 
silicon ingot comprises a central axis 12, a seed-cone 
14, an end-cone 16 and a constant diameter portion 18 
between the seed-cone and the end-cone. The constant 

20 diameter portion has a circumferential edge 20 and a 
radius 4 extending from the central axis to the 
circumferential edge. The process comprises controlling 
the growth velocity, v, and the instantaneous axial 
temperature gradient. Go, of the crystal during the growth 

25 of the constant diameter portion of the ingot to cause 
the formation of an axially symmetric region 6 which, 
upon cooling the ingot from the solidification 
temperature, is substantially free of agglomerated 
intrinsic point defects. 

30 The growth conditions are preferably controlled to 

maintain the V/I boundary 2 at a position which maximizes 
the volume of the axially symmetric region 6 relative to 
the volume of the constant diameter portion 18 of the 
ingot 10. In general, therefore, it is preferred that 

35 the axially symmetric region have a width 22 (as measured 
from the circumferential edge radially toward the central 
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axis of the ingot) and a length 24 (as measured along the 
central axis of the ingot) which equals the radius 4 and 
length 26, respectively of the constant diameter portion 
of the ingot. As a practical matter, however, operating 
5 conditions and crystal puller hardware constraints may 

dictate that the axially symmetric region occupy a lesser 
proportion of the constant diameter portion of the ingot. 
In general, therefore, the axially symmetric region 
preferably has a width of at least about 30%, more 

10 preferably at least about 4 0%, still more preferably at 
least about 60%, and most preferably at least about 80% 
of the radius of the constant diameter portion of the 
ingot. In addition, the axially symmetric region extends 
over a length of at least about 20%, preferably at least 

15 about 40%, more preferably at least about 60%, and still 
more preferably at least about 8 0% of the length of the 
constant diameter portion of the ingot. 

Referring to Fig. 9, the width 22 of the axially 
symmetric region 6 may have some variation along the 

20 length of the central axis 12. For an axially symmetric 
region of a given length, therefore, the width is 
determined by measuring the distance from the 
circumferential edge 20 of the ingot 10 radially toward a 
point which is farthest from the central axis. In other 

25 words, the width 22 is measured such that the minimum 
distance within the given length 24 of the axially 
symmetric region 6 is determined. 

Referring now to Figs. 10 and 11, when the axially 
symmetric region 6 of the constant diameter portion 18 of 

30 the ingot 10 has a width 22 which is less than the radius 
4 of the constant diameter portion, the region is 
generally annular in shape. A generally cylindrical 
region of vacancy dominated material 8, which is centered 
about the central axis 12, is located radially inward of 

35 the generally annular shaped segment. Referring to 

Figure 12, it is to be iinderstood that when the width 22 
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of the axially symmetric region 6 is equal to the radius 
4 of the constant diameter portion 18, the region does 
not contain this vacancy dominated region; rather, the 
axially symmetric region itself is generally cylindrical 
5 and contains self -interstitial dominated material which 
is substantially free of agglomerated intrinsic point 
defects . 

While it is generally preferred that the crystal 
growth conditions be controlled to maximize the width of 

10 the interstitial dominated region, there may be limits 
for a given crystal puller hot zone design. As the V/I 
boundary is moved closer to the central crystal axis, 
provided the cooling conditions and Go(r) do not change, 
where Go(r) is the radial variation of Gq, the minimum 

15 amount of radial diffusion required increases. In these 
circumstances, there may be a minimum radius of the 
vacancy dominated region which is required to suppress 
the formation of agglomerated interstitial defects by 
radial diffusion. 

20 Figs. 7c and 7d schematically illustrate an example 

in which the minimum radius of the vacancy dominated 
region is exceeded. In this example, the cooling 
conditions and Go(r) are the same as those employed for 
the crystal of Figs. 7a and 7b in which there was 

25 sufficient outdif fusion to avoid agglomerated 

interstitial defects for the position of the V/l boundary 
illustrated. In Figs. 7c and 7d, the position of the V/I 
boundary is moved closer to the central axis (relative to 
Figs. 7a and 7b) resulting in an increase in the 

30 concentration of interstitials in the region outside of 
the V/I boundary. As a result, more radial diffusion is 
required to sufficiently suppress the interstitial 
concentration. If sufficient outdif fusion is not 
achieved, the system LGj will increase beyond the critical 

35 value and the reaction which produces agglomerated 

interstitial defects will occur, producing a region of 
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these defects in an annular region between the V/I 
boundary and the edge of the crystal • The radius of the 
V/I boundary at which this occurs is the minimum radius 
for the given hot zone. This minimum radius is decreased 
5 if more radial diffusion of interstitials is allowed. 

Figs. 7e, It, 7g and 7h illustrate the effect of an 
increased radial outdiffusion on interstitial 
concentration profiles and the rise of system AGi for a 
crystal grown with the same initial vacancy and 

10 interstitial concentration profiles as the crystal 

exemplified in Figs. 7a, 7b, 7c and 7d. Increased radial 
diffusion of interstitials results in a greater 
suppression of interstitial concentration, thus 
suppressing the rise in the system AGj to a greater degree 

15 than in Figs. 7a, 7b, 7c and 7d. In this case the system 
AGj is not exceeded for the smaller radius of the V/I 
boundary . 

Figs. 7i and 7j illustrate an example in which 
sufficient radial diffusion is allowed such that the 

2 0 minimum radius is reduced to zero by insuring sufficient 
radial diffusion to achieve a suppression of agglomerated 
interstitial defects everywhere along the crystal radius. 

In a preferred embodiment of the process of the 
present invention, the initial concentration of silicon 

25 self -interstitial atoms is controlled in the axially 
symmetric, self -interstitial dominated region of the 
ingot- Referring again to Fig. 1, in general, the 
initial concentration of silicon self -interstitial atoms 
is controlled by controlling the crystal growth velocity, 

30 V, and the instantaneous axial temperature gradient, Gq, 
such that the value of the ratio v/Gq is relatively near 
the critical value of this ratio, at which the V/l 
boundary occurs. In addition, the instantaneous axial 
temperature gradient, G©, can be established such that the 

35 variation of Gq (and thus, v/Gq) as a function of the 
ingot radius is also controlled. 
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The growth velocity, and the instantaneous axial 
temperature gradient, Gq, are typically controlled such 
that the ratio v/Gq ranges in value from about 0,5 to 
about 2,5 times the critical value of v/Gq (i.e., about 
5 1x10'^ cm^/sK to about 5x10"^ cm^/sK based upon currently 
available information for the critical value of v/Gq) . 
Preferably, the ratio v/Gq will range in value from about 
0.6 to about 1.5 times the critical value of v/Gq (i.e., 
about 1.3x10'^ cm^/sK to about 3x10"^ cm^/sK based upon 

10 currently available information for the critical value of 
v/Gq) . Most preferably, the ratio v/Gq will range in 
value from about 0.75 to about 1 times the critical value 
of v/Gq (i.e., about 1.6x10"^ cm^/sK to about 
2.1x10'^ cm^/sK based upon currently available information 

15 for the critical value of v/Gq) , These ratios are 

achieved by independent control of the growth velocity, 
V, and the instantaneous axial temperature gradient, Gq. 

In general, control of the instantaneous axial 
temperature gradient, Gq, may be achieved primarily 

20 through the design of the "hot zone" of the crystal 

puller, i.e. the graphite (or other materials) that makes 
up the heater, insulation, and heat shields, among other 
things- Although the design particulars may vary 
depending upon the make and model of the crystal puller, 

25 in general, Gq may be controlled using any of the means 
currently known in the art for minimizing axial 
variations in heat transfer at the melt/solid interface, 
including reflectors, radiation shields, purge tubes, 
light pipes, and heaters. In general, radial variations 

30 in Go are minimized by positioning such an apparatus 

within about one crystal diameter above the melt /sol id 
interface. Gq can be controlled further by adjusting the 
position of the apparatus relative to the melt and 
crystal. This is accomplished either by adjusting the 

35 position of the apparatus in the hot zone, or by 

adjusting the position of the melt surface in the hot 
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zone. Either, or both, of these methods can be used 
during a batch Czochralski process in which melt volume 
is depleted during the process. 

It is generally preferred for some embodiments of 
5 the present invention that the instantaneous axial 

temperature gradient, Gq, be relatively constant as a 
function of diameter of the ingot. However, it should be 
noted that as improvements in hot zone design allow for 
variations in Gq to be minimized, mechanical issues 

10 associated with maintaining a constant growth rate become 
an increasingly important factor. This is because the 
growth process becomes much more sensitive to any 
variation in the pull rate, which in turn directly 
effects the growth rate, v. In terms of process control, 

15 this means that it is favorable to have values for Gq 

which differ over the radius of the ingot. Significant 
differences in the value of Gq, however, can result in a 
large concentration of self -interstitials near the wafer 
edge and, thereby, increase the difficultly in avoiding 

20 the formation of agglomerated intrinsic point defects. 

In view of the foregoing, the control of Gq involves 
a balance between minimizing radial variations in Gq and 
maintaining favorable process control conditions. 
Typically, therefore, the pull rate after about one 

25 diameter of the crystal length will range from about 0.2 
mm/minute to about 0.8 mm/minute. Preferably, the pull 
rate will range from about 0.25 mm/minute to about 0.6 
mm/minute and, most preferably, from about 0.3 mm/minute 
to about 0.5 mm/minute. It is to be noted the stated 

30 ranges are typical for 200 mm diameter crystals. 

However, the pull rate is dependent upon both the crystal 
diameter and crystal puller design. In general, the pull 
rate will decrease as the crystal diameter increases. 
The amount of self -interstitial diffusion may be 

35 controlled by controlling the cooling rate as the ingot 
is cooled from the solidification temperature (about 
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1410**C) to the temperature at which silicon self- 
interstitials become immobile, for commercially practical 
purposes. Silicon self -interstitials appear to be 
extremely mobile at temperatures near the solidification 
5 temperature of silicon, i.e. about 1410® C. This 

mobility, however, decreases as the temperature of the 
single crystal silicon ingot decreases. Experimental 
evidence obtained to-date suggests that the diffusion 
rate of self -interstitials slows such a considerable 

10 degree that they are essentially immobile for 

commercially practical time periods at tenperatures less 
than about 700 **C, and perhaps at temperatures as great as 
800*»C, 900°C, or even 1,OOOOC. 

Within the range of temperatures at which self- 

15 interstitials appear to be mobile, and depending upon the 
temperature in the hot zone, the cooling rate will 
typically range from about 0.2 '^C/minute to about 
2 °C/minute, Preferably, the cooling rate will range 
from about 0.2 °C/minute to about 1.5 ^'C/minute and, more 

20 preferably, from about 0.2 ®C/minute to about 

1 °C/minute. Control of the cooling rate can be achieved 
by using any means currently known in the art for 
minimizing heat transfer, including the use of 
insulators, heaters, and radiation shields. 

25 As previously noted, a minimum radius of the vacancy 

dominated region exists for which the suppression of 
agglomerated interstitial defects may be achieved. The 
value of the minimum radius depends on v/Go{r) and the 
cooling rate. As crystal puller and hot zone designs 

3 0 will vary, the ranges presented above for v/Go(r), pull 
rate, and cooling rate will also vary. Likewise these 
conditions may vary along the length of a growing 
crystal. Also as noted above, the width of the 
interstitial dominated region free of agglomerated 

35 interstitial defects is preferably maximized. Thus, it 
is desirable to maintain the width of this region to a 
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value which is as close as possible to, without 
exceeding, the difference between the crystal radius and 
the minimum radius of the vacancy dominated region along 
the length of the growing crystal in a given crystal 
5 puller. 

The optimum width of the axial ly symmetric region 
and the required optimal crystal pulling rate profile for 
a given crystal puller hot zone design may be determined 
empirically. Generally speaking, this empirical approach 

10 involves first obtaining readily available data on the 
axial tenperature profile for an ingot grown in a 
particular crystal puller, as well as the radial 
variations in the instantaneous axial temperature 
gradient for an ingot grown in the same puller. 

15 Collectively, this data is used to pull one or more 

single crystal silicon ingots, which are then analyzed 
for the presence of agglomerated interstitial defects. 
In this way, an optimum pull rate profile can be 
determined. 

20 Fig. 13 is an image produced by a scan of the 

minority carrier lifetime of an axial cut of a section of 
a 200 mm diameter ingot following a series of oxygen 
precipitation heat -treatments which reveal defect 
distribution patterns. It depicts an example in which a 

25 near-optimum pull rate profile is employed for a given 
crystal puller hot zone design. In this example, a 
transition occurs from the optimum v/Go(r) at which the 
axially symmetric region has the maximum width, to a 
v/Go(r) in which the maximum width of the interstitial 

30 dominated region is exceeded, resulting in the generation 
of regions of agglomerated interstitial defects 28. 

In addition to the radial variations in v/Gq 
resulting from an increase in Go over the radius of the 
ingot, v/Go may also vary axially as a result of a change 

35 in V, or as a result of natural variations in Gq due to 
the Czochralski process. For a standard Czochralski 
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process, v is altered as the pull rate is adjusted 
throughout the growth cycle, in order to maintain the 
ingot at a constant diameter. These adjustments, or 
changes, in the pull rate in turn cause v/Gq to vary over 
5 the length of the constant diameter portion of the ingot. 
In accordance with the process of the present invention, 
the pull rate is therefore controlled in order to 
maximize the width of the axially symmetric region of the 
ingot. As a result, however, variations in the radius of 

10 the ingot may occur. In order to ensure that the 

resulting ingot has a constant diameter, the ingot is 
therefore preferably grown to a diameter larger than that 
which is desired. The ingot is then subjected to 
processes standard in the art to remove excess material 

15 from the surface, thus ensuring that an ingot having a 
constant diameter portion is obtained. 

For an ingot prepared in accordance with the process 
of the present invention and having a V/I boundary, 
experience has shown that low oxygen content material, 

20 i.e., less than about 13 PPMA (parts per million atomic, 
ASTM standard F-121-83) , is preferred. More preferably, 
the single crystal silicon contains less than about 12 
PPMA oxygen, still more preferably less than about 11 
PPMA oxygen, and most preferably less than about 10 PPMA 

25 oxygen. This is because, in medium to high oxygen 

contents wafers, i.e., 14 PPMA to 18 PPMA, the formation 
of oxygen- induced stacking faults and bands of enhanced 
oxygen clustering just inside the V/I boundary becomes 
more pronounced. Each of these are a potential source 

30 for problems in a given integrated circuit fabrication 
process • 

The effects of enhanced oxygen clustering may be 
further reduced by two methods, used singularly or in 
combination. Oxygen precipitate nucleation centers 
35 typically form in silicon which is annealed at a 

temperature in the range of about 350^ to about 750 *>C. 
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For some applications, therefore, it may be preferred 
that the crystal be a "short" crystal, that is, a crystal 
which has been grown in a Czochralski process until the 
seed end has cooled from the melting point of silicon 
5 (1410° C) to about 750 C after which the ingot is 
rapidly cooled. In this way, the time spent in the 
temperature range critical for nucleation center 
formation is kept to a minimum and the oxygen precipitate 
nucleation centers have inadequate time to form in the 

10 crystal puller. 

Alternatively, and more preferably, oxygen 
precipitate nucleation centers formed during the growth 
of the single crystal are dissolved by annealing the 
single crystal silicon. Provided they have not been 

15 subjected to a stabilizing heat-treatment , oxygen 

precipitate nucleation centers can be annealed out of 
silicon by rapidly heating the silicon to a temperature 
of at least about 875° C and preferably continuing to 
increase the temperature to at least 1000° C, By the 

20 time the silicon reaches 1000° C, substantially all 

(e.g., >99%) of such defects have annealed out. It is 
important that the wafers be rapidly heated to these 
temperatures, i.e., that the rate of temperature increase 
be at least about 10° C per minute and more preferably at 

25 least about 50° C per minute. Otherwise, some or all of 
the oxygen precipitate nucleation centers may be 
stabilized by the heat -treatment . Equilibrium appears to 
be reached in relatively short periods of time, i.e., on 
the order of 1 minute. Accordingly, oxygen precipitate 

30 nucleation centers in the single crystal silicon may be 
dissolved by annealing it at a temperature of at least 
about 875° C for a period of at least about 30 seconds, 
preferably at least about 10 minutes. The dissolution 
may be carried out in a conventional furnace or in a 

35 rapid thermal annealing (RTA) system. In addition, the 
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dissolution may carried out on crystal ingots or on 
wafers, preferably wafers. 

Although the temperature at which a self- 
interstitial agglomeration reaction occurs may in theory 
5 vary over a wide range of temperatures, as a practical 
matter this range appears to be relatively narrow for 
conventional, Czochralski grown silicon. This is a 
consequence of the relatively narrow range of initial 
self -interstitial concentrations which are typically 
10 obtained in silicon grown according to the Czochralski 
method. In general, therefore, a self -interstitial 
agglomeration reaction will typically occur, if at all, 
at temperatures within the range of about 1100 °C to about 
800°C. 

15 As the Examples given below illustrate, the present 

invention affords a process for preparing a single 
crystal silicon ingot in which, as the ingot cools from 
the solidification temperature in accordance with the 
Czochralski method, the agglomeration of intrinsic point 

20 defects is prevented within an axially symmetric region 

of the constant diameter portion of the ingot, from which 
wafers may be sliced. 

The following Examples set forth one set of 
conditions that may be used to achieve the desired 

25 result. Alternative approaches exist for determining an 
optimum pull rate profile for a given crystal puller. 
For example, rather than growing a series of ingots at 
various pull rates, a single crystal could be grown at 
pull rates which increase and decrease along the length 

30 of the crystal; in this approach, agglomerated self- 
interstitial defects would be caused to appear and 
disappear multiple times during growth of a single 
crystal. Optimal pull rates could then be determined for 
a number of different crystal positions. Accordingly, 

35 the following Examples should not be interpreted in a 
limiting sense. 
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Example 1 

Optimization Procedure For A Crystal 
Puller Having A Pre-existing Hot Zone Design 

A first 200 mm single crystal silicon ingot was 
5 grown under conditions in which the pull rate was ramped 
linearly from 0.75 mm/min. to 0.35 mm/min. over the 
length of the crystal. Fig. 14 shows the pull rate as a 
function of crystal length. Taking into account the pre- 
established axial temperature profile of a growing 200 mm 

10 ingot in the crystal puller and the pre-established 

radial variations in the instantaneous axial temperature 
gradient. Go, i.e., the axial temperature gradient at the 
melt /solid interface, these pull rates were selected to 
insure that ingot would be vacancy dominated material 

15 from the center to the edge at one end of the ingot and 
interstitial dominated material from the center to the 
edge of the other end of the ingot . The grown ingot was 
sliced longitudinally and analyzed to determine where the 
formation of agglomerated interstitial defects begins. 

20 Fig. 15 is an image produced by a scan of the 

minority carrier lifetime of an axial cut of the ingot 
over a section ranging from about 635 mm to about 760 mm 
from the shoulder of the ingot following a. series of 
oxygen precipitation heat -treatments which reveal defect 

25 distribution patterns. At a crystal position of about 
680 mm, a band of agglomerated interstitial defects 28 
can be seen. This position corresponds to a critical 
pull rate of v*(680 mm) = 0.33 mm/min. At this point, the 
width of the axially symmetric region 6 (a region which 

3 0 is interstitial dominated material but which lacks 

agglomerated interstitial defects) is at its maximum; the 
width of the vacancy dominated region 8, Rv*(680) is about 
35 mm and the width of the axially symmetric region, 
Ri*(680) is about 65 mm. 

3 5 A series of four single crystal silicon ingots were 

then grown at steady state pull rates which were somewhat 
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greater than and somewhat less than the pull rate at 
which the maximum width of the axially symmetric region 
of the first 200 mm ingot was obtained. Pig. 16 shows 
the pull rate as a function of crystal length for each of 
5 the four crystals, labeled, respectively, as 1-4. These 
four crystals were then analyzed to determine the axial 
position (and corresponding pull rate) at which 
agglomerated interstitial defects first appear or 
disappear. These four empirically determined points 

10 (marked "*") are shown in Fig. 16. Interpolation between 
and extrapolation from these points yielded a curve, 
labeled v*(Z) in Fig. 16. This curve represents, to a 
first approximation, the pull rate for 200 mm cir/stals as 
a function of length in the crystal puller at which the 

15 axially symmetric region is at its maximum width. 

Growth of additional crystals at other pull rates 
and further analysis of these crystals would further 
refine the empirical definition of v*(Z). 

Example 2 

20 Reduction of Radial Variation in Go(r) 

Figs. 17 and 18 illustrate the improvement in 
quality that can be achieved by reduction of the radial 
variation in the axial temperature gradient at the 
crystal/melt interface, Go(r) . The initial concentration 

25 (about 1 cm from the crystal /melt interface) of vacancies 
and interstitials are calculated for two cases with 
different Go(r): (1) Go(r) = 2.65 + SxlO'V^ (K/mm) and (2) 
Go(r) = 2.65 + SxlO'^r^ (K/mm). For each case the pull 
rate was adjusted such that the boiindary between vacancy- 

30 rich silicon and interstitial -rich silicon is at a radius 
of 3 cm. The pull rate used for case 1 and 2 were 0.4 
and 0.35 mm/min, respectively. From Fig. 18 it is clear 
that the initial concentration of interstitials in the 
interstitial -rich portion of the crystal is dramatically 

35 reduced as the radial variation in the initial axial 
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temperature gradient is reduced. This leads to an 
improvement in the quality of the material since it 
becomes easier to avoid the foxrmatibn of interstitial 
defect clusters due to super saturation of interstitials . 

5 Example 3 

Increased Out-diffusion Time for Interstitials 
Figs. 19 and 20 illustrate the improvement in 
quality that can be achieved by increasing the time for 
out-diffusion of interstitials. The concentration of 
10 interstitials is calculated for two cases with differing 
axial temperature profiles in the crystal, dT/dz, The 
axial temperature gradient at the crystal /melt interface 
is the same for both cases, so that the initial 
concentration (about 1 cm from the crystal/melt 
15 interface) of interstitials is the same for both cases. 

In this example, the pull rate was adjusted such that the 
entire crystal is interstitial -rich. The pull rate was 
the same for both cases, 0.32 mm/min. The longer time 
for interstitial out-diffusion in case 2 results in an 
20 overall reduction of the interstitial concentration, 
This leads to an improvement in the quality of the 
material since it becomes easier to avoid the formation 
of interstitial defect clusters due to super saturation of 
interstitials. 

Example 4 

A 700 mm long, 150 mm diameter crystal was grown 
with a varying pull rate. The pull rate varied nearly 
linearly from 1.2 mm/min at the shoulder to 0.4 mm/min at 
430 mm from the shoulder, and then nearly linearly back 
to 0.65 mm/min at 700 mm from the shoulder. Under these 
conditions in this particular crystal puller, the entire 
radius is grown under interstitial-rich conditions over 
the length of crystal about 320 mm to about 525 mm from 
the shoulder of the crystal. At an axial position of 
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30 



wo 98/45509 



PCT/US98/07305 



31 

about 525 mm and a pull rate of about 0.47 mm/min, the 
crystal is free of agglomerated intrinsic point defects 
clusters across the entire diameter. Stated another way, 
there is one small section of the crystal in which the 
5 width of the axially symmetric region, i.e., the region 
which is substantially free of agglomerated defects, is 
equal to the radius of the ingot . 

In view of the above, it will be seen that the 
several objects of the invention are achieved. 
10 As various changes could be made in the above 

compositions and processes without departing from the 
scope of the invention, it is intended that all matter 
contained in the above description be interpreted as 
illustrative and not in a limiting sense. 
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What is claimed is: 

1 . A single crystal silicon wafer having a central 
axis, a front side and a back side which are generally 
perpendicular to the axis, a circumferential edge, and a 
radius extending from the central axis to the 
circumferential edge of the wafer, the wafer comprising 

an axially symmetric region which is substantially 
free of agglomerated intrinsic point defects, the axially 
symmetric region extending radially inwardly from the 
circumferential edge of the wafer and having a width, as 
measured from the circumferential edge radially toward 
the center axis, which is at least about 40% the length 
of the radius of the wafer. 

2 . The wafer as set forth in claim 1 wherein the 
axially symmetric region is generally annular in shape 
and the wafer additionally comprises a generally 
cylindrical region consisting of vacancy dominated 
material which is radially inward of the annular region. 

3 . The wafer as set forth in claim 1 wherein the 
wafer has as oxygen content which is less than about 13 
PPMA. 

4 . The wafer as set forth in claim 1 wherein the 
wafer has as oxygen content which is less than about 11 
PPMA. 

5. The wafer as set forth in claim 1 wherein the 
wafer has an absence of oxygen precipitate nucleation 
centers . 

6. A single crystal silicon ingot having a central 
axis, a seed- cone, an end- cone, and a constant diameter 
portion between the seed- cone and the end- cone having a 
circumferential edge and a radius extending from the 
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5 central axis to the circumferential edge, the single 

crystal silicon ingot being characterized in that after 
the ingot is grown and cooled from the solidification 
temperature, the constant diameter portion contains an 
axially symmetric region which is substantially free of 

10 agglomerated intrinsic point defects wherein the axially 
symmetric region extends radially inwardly froth a 
circumferential edge of the ingot, has a width as 
measured from the circumferential edge radially toward 
the central axis of the ingot which is at least about 30% 

15 the length of the radius of the constant diameter 

portion, and has a length as measured along the central 
axis of at least about 20% the length of the constant 
diameter portion of the ingot. 

?• The single crystal silicon ingot as set forth in 
claim 6 wherein the length of the axially symmetric 
region is at least 4 0% the length of the constant 
diameter portion of the ingot. 

8. The single crystal silicon ingot as set forth in 
claim 7 wherein the length of the axially symmetric 
region is at least 60% the length of the constant 
diameter portion of the ingot. 

9. The single crystal silicon ingot as set forth in 
claim 6 wherein the axially symmetric region has a width 
which is at least about 60% the length of the radius of 
the constant diameter portion. 

10. The single crystal silicon ingot as set forth 
in claim 9 wherein the axially symmetric region has a 
width which is at least about 80% the length of the 
radius of the constant diameter portion. 
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11. A process for growing a single crystal silicon 
ingot in which the ingot comprises a central axis, a 
seed-cone, an end-cone and a constant diameter portion 
between the seed-cone and the end- cone having a 

5 circumferential edge arid a radius extending from the 

central axis to the circumferential edge, the ingot being 
grown from a silicon melt and then cooled from the 
solidification temperature in accordance with the 
Czochralski method, the process comprising 

10 controlling a growth velocity, v, and an 

instantaneous axial temperature gradient, Gq, of the 
crystal during the growth of the constant diameter 
portion of the ingot to cause the formation of an axially 
symmetrical segment which, upon cooling of the ingot from 

15 the solidification temperature, is substantially free of 
agglomerated intrinsic point defects wherein the axially 
symmetric region extends inwardly from the 
circumferential edge of the ingot, has a width as 
measured from the circumferential edge radially toward 

20 the central axis of the ingot which is at least about 30% 
the length of the radius of the ingot, and has a length 
as measured along the central axis of at least about 20% 
the length of the constant diameter portion of the ingot. 

12. The process as set forth in claim 11 wherein 
the length of the axially symmetric region is at least 
40% the length of the constant diameter portion of the 
ingot . 

13 . The process as set forth in claim 12 wherein 
the length of the axially symmetric region is at least 
60% the length of the constant diameter portion of the 
ingot . 

14. The process as set forth in claim 11 wherein 
the axially symmetric region has a width which is at 
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least about 60% the length of the radius of the constant 
diameter portion. 

15, The process as set forth in claim 14 wherein 
the axially symmetric region has a width which is at 
least about 80% the length of the radius of the constant 
diameter portion. 

16, A process for growing a single crystal silicon 
ingot, the single crystal silicon ingot being 
characterized in that, after the ingot is grown from a 
silicon melt and cooled from the solidification 
temperature in accordance with the Czochralski method, a 
constant diameter portion of the ingot contains an 
axially symmetric region which is substantially free of 
agglomerated intrinsic point defects, the process 
comprising 

controlling a growth velocity, v, and an 
instantaneous axial temperature gradient, Gq, such that a 
ratio v/Gq ranges in value from about 0.6 to about 1.5 
times the critical value of v/Gq. 

17, A process for growing a single crystal silicon 
ingot, the single crystal silicon ingot being 
characterized in that, after the ingot is grown from a 
silicon melt and cooled from the solidification 
temperature in accordance with the Czochralski method, a 
constant diameter portion of the ingot contains an 
axially symmetric segment which is substantially free of 
agglomerated intrinsic point defects, the process 
comprising 

controlling a growth velocity, v, and an 
instantaneous axial temperature gradient, Gq, such that a 
ratio v/Gq ranges in value from about 0.6 to about 1.5 
times the critical value of v/Go,- and 
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controlling a cooling rate within a temperature 
15 range of about 1400 to about 800 ^C, such that the 
rate ranges from about 0.2 <>C/minute to about 
1, 5 **C/minute. 

18. The process of claim 17 wherein the growth 
velocity, v, and the instantaneous axial temperature 
gradient, Gq, are controlled such that the ratio v/Gq 
ranges in value from about 0.75 to about 1 times the 

5 critical value of v/Gg. 

19. The process of claim 17 wherein the cooling 
rate is controlled within a tettperature range of about 
1400 to about 1000 <>C. 

20. The process of claim 19 wherein the cooling 
rate is controlled such that the rate ranges from about 
0.2°C/minute to about 1 oc/minute, 

21. The process of claim 17 wherein oxygen 
precipitate nucleation centers formed during the growth 
of the single crystal are dissolved by annealing the 
single crystal silicon. 
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